Hox and other Antennapedia (ANTP)-like homeobox gene subclasses-ParaHox, EHGbox, and NK-likecontribute to key developmental events in bilaterians [1] [2] [3] [4] . Evidence of physical clustering of ANTP genes in multiple animal genomes [4] [5] [6] [7] [8] [9] suggests that all four subclasses arose via sequential cis-duplication events. Here, we show that Hox genes' origin occurred after the divergence of sponge and eumetazoan lineages and occurred concomitantly with a major evolutionary transition in animal body-plan complexity. By using whole genome information from the demosponge Amphimedon queenslandica, we provide the first conclusive evidence that the earliest metazoans possessed multiple NK-like genes but no Hox, ParaHox, or EHGbox genes. Six of the eight NK-like genes present in the Amphimedon genome are clustered within 71 kb in an order akin to bilaterian NK clusters. We infer that the NK cluster in the last common ancestor to sponges, cnidarians, and bilaterians consisted of at least five genes. It appears that the ProtoHox gene originated from within this ancestral cluster after the divergence of sponge and eumetazoan lineages. The maintenance of the NK cluster in sponges and bilaterians for greater than 550 million years is likely to reflect regulatory constraints inherent to the organization of this ancient cluster.
Summary
Hox and other Antennapedia (ANTP)-like homeobox gene subclasses-ParaHox, EHGbox, and NK-likecontribute to key developmental events in bilaterians [1] [2] [3] [4] . Evidence of physical clustering of ANTP genes in multiple animal genomes [4] [5] [6] [7] [8] [9] suggests that all four subclasses arose via sequential cis-duplication events. Here, we show that Hox genes' origin occurred after the divergence of sponge and eumetazoan lineages and occurred concomitantly with a major evolutionary transition in animal body-plan complexity. By using whole genome information from the demosponge Amphimedon queenslandica, we provide the first conclusive evidence that the earliest metazoans possessed multiple NK-like genes but no Hox, ParaHox, or EHGbox genes. Six of the eight NK-like genes present in the Amphimedon genome are clustered within 71 kb in an order akin to bilaterian NK clusters. We infer that the NK cluster in the last common ancestor to sponges, cnidarians, and bilaterians consisted of at least five genes. It appears that the ProtoHox gene originated from within this ancestral cluster after the divergence of sponge and eumetazoan lineages. The maintenance of the NK cluster in sponges and bilaterians for greater than 550 million years is likely to reflect regulatory constraints inherent to the organization of this ancient cluster.
Results and Discussion
Complete genome data from two cnidarians-Nematostella vectensis and Hydra magnipapillata-reveal that metazoan-specific homeobox classes, including ANTP class genes, already had expanded extensively prior to the divergence of cnidarians and bilaterians [10, 11] . Two lines of evidence are compatible with the hypothesis that a cluster of Hox-related genes evolved early in the eumetazoan lineage. The first is the existence of multiple members of Hox, ParaHox, EHGbox, and NK subclasses in the cnidarian-bilaterian ancestor. The second is evidence of clustering of Hox and ParaHox genes and nested expression of Hox genes along the main body axis in the anthozoan Nematostella (see [10] [11] [12] [13] [14] for descriptions of expression and phylogenetic analyses of cnidarian genes). These data, however, do not locate the origin of the ancestral ANTP or Hox (i.e., ProtoHox) gene in animal evolution. There is little evidence of clustering of NK-like genes in cnidarians, despite having orthologs of most bilaterian genes [10, 11] . Likewise, the small number of Hox-and NK-related genes present in the placozoan Trichoplax adhaerens, a basal metazoan of unclear phylogenetic position, are unclustered [15] . The repertoire of ANTP genes in this simple animal is compatible with its being a eumetazoan that has undergone extensive gene loss, although its precise phylogenetic position amongst the basal metazoans is still unresolved [16, 17] .
Nearly all phylogenies based on molecular and morphological data identify siliceous sponges (demosponges + hexactinellids) as the earliest branching contemporary metazoan group [18] [19] [20] . The genome of the demosponge Amphimedon queenslandica (formerly classified as Reniera sp.) has recently been sequenced by the Joint Genome Institute, and trace sequences are publicly available. By using a locally constructed assembly pipeline, we have identified 31 homeoboxcontaining genes in the Amphimedon genome, including eight ANTP, nine Prd, four POU, three LIM-HD, one Six, and six TALE (Table 1) . Total homeobox gene content in this demosponge is markedly lesser than that found in cnidarians and bilaterians. Based on the assignment of the Amphimedon genes to metazoan orthology groups, we infer that the last common ancestor to sponges, cnidarians, and bilaterians had at least 17 homeobox genes (Table 1) . ANTP, Prd, POU, LIM-HD, and Six homeobox classes all appear to be metazoan specific and to have evolved from a eukaryotic homeobox ancestor after the metazoan lineage diverged from fungal and choanoflagellate lineages; there is no evidence for the existence of these classes in fully sequenced fungal genomes or genomic traces from the choanoflagellate Monosiga brevicollis (unpublished data). In contrast to the limited suite of homeobox genes at the origin of modern metazoans, the last common ancestor of cnidarians and bilaterians is estimated to have possessed 56-58 homeoboxes [10, 11] . This represents about a 3-fold expansion of the homeobox gene constituency in the eumetazoan lineage after the divergence of sponges. Although the Amphimedon homeobox gene content may be the result of extensive gene loss, we suggest this is unlikely given that a wide range of other transcription-factor gene classes surveyed to date in this demosponge are also significantly smaller than their eumetazoan counterparts [21, 22] .
Sponges Have NK but No Hox Genes All Amphimedon ANTP homeobox genes are closely related to known NK genes ( Figure S1 in the Supplemental Data online) [21] . No Hox, ParaHox, or EHGbox genes can be detected in the genome. Phylogenetic analyses indicate that eight of the Amphimedon homeobox genes clearly fall within the NK-related group of ANTP genes. Although all assignments of Amphimedon genes into specific eumetazoan NK subclasses are currently tentative because of the limited sequence information available in the homeodomain, phylogenetic analyses statistically support the assignment of three genes as Msx, NK2/3/4, and Hex orthologs (Figure 1; Figure S3 ). The other five NK-related homeobox genes include an ortholog of a gene found in numerous sponges, Prox2, which has affinities to eumetazoan Tlx genes [23] . The encoded protein possesses many Tlx signature amino acids, and its role as a transcriptional regulator is conserved between sponges and humans [23, 24] . Three homeoboxes with close affinity to NK5, NK6, and NK7 genes are closely related to each other and may have arisen via a lineage-specific duplication event (Figure 1 ; Figures S2 and S3 ). Of these, two homeoboxes are part of a single transcript. Two other Amphimedon genes have affinities to a clade of BarH, Barx, and Bsh homeobox genes, with the sponge BarH-like gene encoding a conserved position, characteristic of this ANTP family, in its homeodomain (Figure 1; Figure S2 ). In contrast, the cnidarian Nematostella has orthologs of 26 bilaterian ANTP gene families (18 NK-related, two Hox, two extended Hox, two ParaHox, and two EHGbox; Figure 1 and Figure S3 [10, 11] ), suggesting about a 3-fold increase in the diversity of this class between metazoan and eumetazoan's last common ancestors.
Although Hox-related (Hox, extended Hox, ParaHox, and EHGBox) gene loss in demosponges cannot be formally refuted, there are three independent lines of evidence that are compatible with these genes evolving after the divergence sponge and eumetazoan lineages. First, separate surveys for ANTP genes in a variety of sponges have not identified a single Hox-related gene [20, 21, [23] [24] [25] [26] [27] . Only orthologs of the Amphimedon NK-related genes are present in other sponges, including calcareous sponges, which are likely to represent a separate evolutionary lineage from siliceous sponges [19, 20] . Second, the size and composition of the homeobox gene content is similar to that observed in other transcription-factor classes in Amphimedon, with representation of a small number of families within each class [21, 22] . These observations across a number of gene classes are compatible with the supposition that sponges have not undergone the extensive geneduplication events that must have occurred early in eumetazoan evolution. Third, evidence from cnidarians suggests a relatively low diversity of Hox-related genes in the cnidarian-bilaterian ancestor [10, 11] . From these data, we propose that the last common ancestor to sponges, cnidarians, and bilaterians possessed multiple NK-related genes but no Hox, ParaHox, and EHGbox genes. If this is the case, the ProtoHox gene must have evolved from an NK-like ancestor after the divergence of sponge and eumetazoan lineages. Of all Amphimedon genes, Msx is clearly the closest relative of Hox genes ( Figure 1 ; Figure S3 ).
A Conserved Metazoan NK Cluster
The organization of NK-related genes in the genomes of a number of bilaterians supports the existence of an extensive NK cluster in the ancestral bilaterian [6] [7] [8] [9] , and yet there is little evidence of NK-related genes being clustered in cnidarian or placozoan genomes [11, 13] . In contrast, we have found six of the eight Amphimedon NK genes are tightly clustered within a 71 kb fragment LIM-HD, Prd, Six, POU, and ANTP metazoanspecific homeobox classes originated prior to the divergence of sponge and eumetazoan lineages (the TALE class predates opisthokont cladogenesis). The original ANTP gene (shown in blue) was NK like and expanded through cis-duplication to give rise to an ancestral NK cluster consisting of five or six genes. Genes present in the ancestral NK cluster are based on phylogenetic analyses ( Figure 1 and Figure S3 ) and conserved ordering of these genes in demosponges and bilaterians ( Figure S4 ). Parentheses indicate low phylogenetic support for orthology between sponge and bilatrerian NK genes. This cluster continued to expand and rearrange in the eumetazoan lineage to give rise to a cluster that includes the full complement of NK-like genes and the ProtoHox gene (shown in green). In this scheme, ProtoHox (Hox) and Dlx dissociated from the ancestral NK cluster.
of DNA (Figure 2 ). This NK cluster consists of NK2/3/4-, Msx-, and Hex-related genes linked to Tlx-related and the two NK5/6/7-related genes. The latter two genes are separated from each other by less than 300 bp. Hex-and Tlx-related genes are oriented in the opposite direction to the four other genes. There is no evidence that Amphimedon Bsh-and BarH-related genes are included in the cluster; the same is observed in other metazoans. A comparison of metazoan NK-related genes indicates that the last common ancestor to sponges and eumteazoans probably possessed six or seven NK-related genes, of which at least five were tightly clustered (Figure 3) . Although the precise ordering of genes within the ancestral NK cluster is difficult to reconstruct because of extensive lineage-specific rearrangements [2, 9] , Hex, Msx, and NK2/3/4 genes may have been linked in this order in this last common ancestor. This is based on conserved ordering of these genes in demosponges and bilaterians ( Figure S4 ). If placozoans branched from the main metazoan lineage before the demosponges, as suggested by recent phylogenetic analysis of the mitochondrial genome [17] , an ancestral Hox gene evolved before the origin of the modern sponge lineage(s) because a Hox-related gene has been detected in a living placozoan [15] . The maintenance of the NK cluster since the dawn of the Metazoa is indicative of deep evolutionary constraint, although the disintegration and dispersal of this cluster in a variety of taxa (as it has also appeared to occur with Hox and ParaHox clusters) suggest that specific metazoan lineages have evolved mechanisms to elude these restrictions [9] . In bilaterians, the NK cluster appears to play a primary role in mesoderm specification and formation [2, 6] . It is unlikely that this was its ancestral role given that this germ layer is missing in sponges [28, 29] . Instead, NK cluster integrity may reflect fundamental regulatory constraints inherent to its organization.
Conclusions
Amongst the ANTP homoebox genes, NK genes, being clustered in the last common ancestor to all extant sponges, cnidarians, and bilaterians, appear to be the most ancient. It appears that an NK expansion in the eumetazoan lineage included the generation of a ProtoHox gene from which emerged Hox and ParaHox clusters (Figure 3) . Interestingly, the ability to pattern cells along a primary body axis must have evolved before the origin of the eumetazoan ProtoHox because sponge larvae have a clear anterior-posterior axis relative to swimming direction [28, 29] . This suggests that the first Hox genes were added to existing mechanisms for controlling axial polarity early in eumetazoan evolution. The entrainment of the Hox code in eumetazoan development may have contributed to an increase in morphological complexity at the origin of the Eumetazoa and a diversification of bilateral body plans during the Cambrian explosion.
Experimental Procedures
tBlastn with homeodomains from each known homeobox gene family was performed on Amphimedon queenslandica genome traces, and quality-trimmed expressed sequence tags from embryonic and larval cDNA were sequenced at the Joint Genome Institute. Similarly, additional homeoboxes were obtained from genome traces of Nematostella vectensis (and compared to a published dataset [10] ) and the mollusc Lottia gigantea. Sponge genes were classified and selected traces were assembled with an in-house assembly and scaffolding pipeline (with MegaBlast for trace selection, a PCAP assembler, and a Bambus scaffolder). A primary genome assembly from the Joint Genome Institute was later consulted. Because ESTs corresponding to Amphimedon NK5/6/7 genes were truncated and the homeoboxes were very tightly linked, cDNA sequences were obtained by RACE PCR as previously described [21] in order to determine their gene structure. Bayesian and neighbor-joining analyses were undertaken as previously described [21] with representatives from all families of the ANTP class. Two Bayesian analyses were run for 15 million generations (see Supplemental Experimental Procedures for details).
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